The gas phase reaction of V 4 Formation of propene is effectively barrierless in the case that the initial H-atom is abstracted from a secondary C-atom. The present results highlight the additional structural information that can be gained from vibrational spectroscopy in comparison to a purely mass spectrometric characterization.
Introduction
Supported vanadium oxide particles are used as oxidation catalysts in various large scale industrial processes such as the conversion of SO 2 to SO 3 , the formation of maleic anhydride from butane, and the oxidative dehydrogenation of propane. Despite their widespread use, the (IRPD) spectra of the association complex of V 2 O 5,6 + with ethylene formed in the expansion of the laser vaporization source [30] . These conditions were found to favor formation of the primary collision complex, rather than any reaction products.
Here we report on the reaction of mass-selected gas phase V 4 O 10 + clusters with propane under thermalized, multiple collision conditions in a buffer gas filled ion trap at 100 K. A tandem-mass spectrometer ensures that the mass of the charged reactants and products is well defined. In contrast to previous mass spectrometric work performed under single collision conditions [12] , most clusters in our experiments are fully thermalized prior to a collision with a propane molecule through many collisions with He atoms, whose velocity distribution is determined by the ion trap temperature. The main reaction product, [V 4 O 10 H 2 ] + ·C 3 H 8 , is studied with infrared photodissociation spectroscopy, which, in combination with DFT calculations, provides a finger print of its structure. It is shown that such results represent a delicate probe for the validity of calculated reaction pathways and the predicted reaction mechanism.
Materials and Method
IRPD experiments [22, 23, 31, 32] were carried out on a previously described ring electrode trap -time of flight mass spectrometer [33, 34] , which was temporarily installed at the "Free Electron Laser for Infrared eXperiments" (FELIX) user facility [35] in the FOM Institute Rijnhuizen (The Netherlands).
The vanadium oxide clusters are produced with a repetition rate of 10 Hz by pulsed laser vaporization of a vanadium target in the presence of 0.1% O 2 in helium, yielding oxygen saturated cluster growth conditions [36] . The pulsed beam of positive ions is transferred into the high vacuum system, sampled by a 4 mm diameter skimmer, and focused into a radio 
Computational Method
The DFT calculations are carried out using the TURBOMOLE program [37] [38] [39] . The B3LYP hybrid functional [40] [41] [42] is employed. The TZVP basis sets applied are the triplezeta valence basis sets developed by Ahlrichs and coworkers [43] augmented by polarization functions, a d-set for oxygen and a p-set for vanadium [44] , [5s,3p,1d] and [6s,4p,3d] for O and V, respectively. Structure optimizations use tight convergence criteria. Dispersion interaction was treated with the approach of Grimme [45, 46] , as implemented in TURBOMOLE 6.1. Structures are optimized until Cartesian gradients are smaller than 1·10 -4 Hartree/Bohr and the energy change is smaller than 1·10 -6 Hartree. The SCF convergence criterion is 1·10 -7 Hartree for the energy and 1·10 -7 a.u. for the root mean square of the density. Harmonic vibrational frequencies are obtained numerically from analytic gradients [47] . It is known that B3LYP vibrational frequencies are systematically too large (see, e.g., refs. [48, 49] ) and, therefore, agreement with observed frequencies can be improved by scaling. Scaling accounts for both anharmonicities and systematic errors of the calculated harmonic force constants (calculated harmonic wave numbers are compared to observed fundamentals including anharmonicities). We use scaling parameters [29] , that we determined for small vanadium oxide cluster cations. Vanadyl modes are scaled by 0.9167 and all other modes by 0.9832.
Results and Discussion

Mass spectrometry
A typical mass spectrum measured after the ion-molecule reactions of V 4 O 10 + with the 0.002% propane/helium gas mixture at 100 K is shown in Figure 1 . At slightly higher ion trap temperatures (110 K) and higher propane concentrations (0.01% propane in He) the intensity of the parent ion peak is reduced considerably, while the peak at +46 amu increases in intensity. In addition, a new peak appears at +90 amu, corresponding to the formation of . The lowest energy feature observed in the experimental spectrum is at 651 cm -1 , suggesting that the photodissociation efficiency is significantly reduced below this energy.
Reaction Mechanism
Previously it was found that V 4 O 10 + abstracts hydrogen from methane without a barrier [10] .
We expect that propane will react similarly, because its C-H bond dissociation energy is smaller, 411 and 395 kJ/mol for the primary and secondary C-H bonds, respectively compared to 435 kJ/mol for methane [50] . Another difference to methane is the lower ionization energy optimizations a steady decrease of the energy was found, making it very likely that all three routes correspond to barrierless reaction paths.
Intermediate 6 formed by hydrogen abstraction from a primary carbon atom (Figure 3) corresponds to an energy minimum structure (H 0 = -188 kJ/mol). It should be noted that the primary propyl cation does not exist as an isolated species in the gas phase (at least not at the B3LYP/TZVP level employed): optimization yields a secondary propyl cation due to a barrierless hydrogen transfer. The fact that a primary propyl species is present in 6 indicates that the ion is stabilized by intermolecular interaction with the OH bond formed. There is a second intermediate 7 (found by MD simulation starting from 1 followed by optimization) in which the propyl ion forms a cyclic structure that can be characterized as ethene, interacting 
Conclusion
The results of our calculations allow for a more detailed explanation of the products observed in the mass spectrum. As evidenced by the IRPD spectrum (structures A1 and A2 in Figure 2 ). In the latter case a species containing an -OH 2 moiety would be formed (structure B in Figure 2 ), which is neither observed in the experiment nor favored by the calculations.
Formation of propene is particularly probable for the case that the initial H-atom was abstracted from a secondary C-atom, in which case the process is effectively barrierless. is 131 kJ/mol. The dissociation energies, in particular for isopropanol, are thus considerably larger than for the other two complexes, making their stabilization more probable. Although formation of the isopropanol and propoxy products is exothermic, it can be assumed that part of this energy is redistributed to other degrees of freedom and eventually lost in collisions with the buffer gas. The presence of isopropanol and isopropoxy products is also in agreement with the previous mass spectrometric studies under single collision conditions [12] , where, in contrast to the present study, V 4 O 9 + is observed in small amounts. 
